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Organisms from bacteria to humans have the capacity to gauge the quality of their respec-
tive environments. Recent advances in understanding how various types of environmental 
conditions are sensed and interpreted by cells and by organisms have established a critical 
role for these systems in the modulation of physiology, health, and aging.Nearly all life forms have the ability to sense their environ-
ment, which provides them with basic information critical 
for immediate survival. These capacities originated in sin-
gle-celled organisms, and many, such as nutrient-directed 
chemotaxis, are involved in behavioral responses to a 
changing local environment. With the evolution of more 
sophisticated sensory systems came the opportunity for 
a more advanced assessment of environmental status. 
The canonical perceptual systems in multicellular animals 
(sight, hearing, smell, taste, and touch) increase the amount 
and variety of information that can be obtained. Hence, 
assessing the current and future state of the environment 
became more reliable, and increased fitness presumably 
came to those that could properly use the information to 
their reproductive advantage. One might expect, therefore, 
that these systems are evolutionarily conserved and poten-
tially entwined in many aspects of organismal biology.
Indeed, a series of exciting articles has fostered new 
appreciation for the extent to which perceptual experi-
ences impact biological processes. Although we may intui-
tively appreciate that certain sensory experiences could be 
accompanied by deeper biological changes—for instance, 
the “fight or flight” response is characterized by release 
of the hormones epinephrine and norepinephrine—many 
would have been hard-pressed to believe that an organ-
ism’s most basic physiological processes are subject 
to its particular interpretation of the world. Nevertheless, 
researchers have identified critical sensory structures and 
their functions that impact the aging process itself. 
Canonical Sensory Systems Modulate Life Span
It is well known that environmental assessment is suf-
ficient to affect developmental processes. This often 
manifests as a form of phenotype plasticity—the ability 
of an organism to enact different life strategies or devel-
opmental programs depending on the environment. In 
the nematode, Caenorhabditis elegans, the decision a 
developing larva makes either to enter a stress-resistant 
dauer stage or to proceed with normal adult develop-ment is determined by sensory integration of numer-
ous cues including temperature, food availability, and a 
pheromone called the daumone. The daumone is con-
stitutively secreted by the animals, and specific amphid 
neurons (amphids are the primary chemosensory organs 
in worms) are responsible for sensing it. Increased local 
concentrations of daumone will force entry into the dauer 
state, but this decision can be antagonized by currently 
unidentified food cues, which are likely sensed by the 
same neurons. In the end, the nematode evaluates envi-
ronmental quality and induces adaptive metabolic deci-
sions through hormone signaling and the nuclear recep-
tor daf-12 (Gerisch and Antebi, 2004).
The recognition that canonical sensory input may act 
acutely to influence normal aging has come about only 
recently. Although dauers are long lived, sensory modu-
lation of aging in normal, adult organisms has now been 
demonstrated in C. elegans and the fruit fly, Drosophila 
melanogaster. Laser ablation of the amphid sheath cells 
in C. elegans results in an increased life span, and muta-
tions that disrupt the general structure and/or function 
of sensory neurons have a similar effect (Apfeld and 
Kenyon, 1999). In D. melanogaster, flies lacking the odor-
ant receptor Or83b have severe olfactory defects and 
are significantly long lived compared to wild-type ani-
mals (Libert et al., 2007). The impact of reduced olfac-
tion is not limited to aging and includes a host of other 
aspects of adult physiology. Although Or83b mutant flies 
have a normal metabolic rate and are of normal size, they 
have increased triglyceride storage and are resistant to 
both starvation and hyperoxia. The ability to affect aging 
by manipulation of these sensory systems in both worms 
and flies provides evidence for evolutionary conserva-
tion and argues for the investigation of homologous and 
analogous systems in mammals.
In a particularly surprising development, sensory 
mechanisms have been shown to play an important role in 
the most well-known manipulation that enhances longev-
ity—dietary restriction. Dietary restriction is a reduction in Cell 131, December 28, 2007 ©2007 Elsevier Inc. 1231
nutrient availability that robustly ameliorates aging-related 
disease in mammals and extends life span in many spe-
cies. When D. melanogaster is confined to a regime of diet 
restriction, exposure to food-derived odorants reduces 
life span (Libert et al., 2007). This effect is not observed 
when flies are fully fed. Perception of nutrient availability 
may therefore reverse a subset of the physiological altera-
tions induced by dietary restriction and limit its benefits. 
Olfaction is not required for the extension of longevity that 
is dependent on diet; Or83b mutant animals retain a sta-
tistically significant extension of longevity upon nutrient 
reduction, but its absence significantly dampens the lon-
gevity response (Libert et al., 2007). These data suggest 
that odorant-mediated regulation of aging may be acting 
at least partly through the same molecular pathways as 
dietary restriction, thereby enhancing the likelihood that 
evolutionarily conserved mechanisms are involved.
Specific sensory structures are also critical for life-span 
extension in worms in response to dietary restriction. Two 
sensory neurons (the ASI neurons) in the head of C. ele-
gans are required for a reduction in nutrients to increase 
worm life span (Bishop and Guarente, 2007b). Laser abla-
tion of these neurons suppresses the enhanced longevity 
due to dietary restriction, as does the loss of function for 
an ASI-specific isoform of the transcription factor skn-1. 
As one would expect for an upstream component of the 
response to dietary restriction, several aspects of physiol-
ogy are altered in ASI-deficient or skn-1 loss-of-function 
animals. For example, dietary restriction increases respi-
ration in a skn-1-dependent manner, and this increase is 
likely necessary for enhanced life span (Bishop and Guar-
ente, 2007b). Respiration may be responsible for the effect 
of dietary restriction in yeast as well (Lin et al., 2002), sug-
gesting that activation of mitochondria and/or increased 
metabolic efficiency may underlie longevity extension in 1232 Cell 131, December 28, 2007 ©2007 Elsevier Inc.Figure 1. The Modulation of Aging by 
Sensory Input
Information concerning the present and possible 
future states of the environment encoded by spe-
cific combinations of sensory cues is gathered and 
processed by canonical and molecular perceptual 
systems. This information results in regulated re-
sponses that include, but are not limited to, acti-
vation of critical transcription factors and release 
of secondary messengers (e.g., hormones) that 
coordinate physiological changes in the organism, 
some of which have been shown to be required for 
subsequent modulation of longevity.low-nutrient environments. However, 
the precise role of sensory perception 
in extending longevity in worms due to 
dietary restriction is unclear; mutant 
worms that lack functional sensory cilia 
but retain ASI neurons and skn-1 expres-
sion maintain a longevity response 
when on a restricted diet. Whether their 
response is dampened, as it is in flies, 
requires more detailed examination.
Findings from manipulations of sensory neurons and 
structures increasingly suggest the existence of a “sensory 
code” that relies on multiple inputs to encapsulate critical 
environmental and physiological parameters to modulate 
physiology and aging (Figure 1). Ablation of individual sen-
sory neurons in C. elegans is not sufficient to phenocopy 
the longevity extension when most or all chemosensory 
input is lost. In fact, removal of specific gustatory or olfac-
tory neurons can increase, decrease, or have no effect on 
life span, and killing both olfactory and gustatory neurons 
can increase life span more than killing either type alone 
(Alcedo and Kenyon, 2004). The effects of mutations in a 
subset of G proteins, including those associated with pain 
receptors, modulate worm life span in a combinatorial man-
ner. Loss of function in odr-3 or extra copies of gpa-11, for 
example, increase life span by only 4%–5% alone but when 
combined synergistically increase longevity by over 40% 
(Lans and Jansen, 2007). In total, these new discoveries 
suggest the intriguing possibility that targeted knockdown 
of certain sensory inputs and stimulation of others in dis-
tinct combinations, either through genetic manipulations or 
controlled perceptual experience, may lead to significant 
effects on physiology, health, and aging in a broad range 
of organisms.
Mechanisms of Aging Modulation through 
 Canonical Sensory Systems
The downstream mechanisms that are triggered by canon-
ical sensory perception to modulate life span are slowly 
being unraveled. Reduced insulin/IGF-1-like signaling and 
subsequent activation of the transcription factor daf-16/
FOXO is an important longevity pathway in worms, flies, 
and mice. It is also one of multiple pathways that are impor-
tant for sensory modulation of life span. In worms, sensory 
neurons produce peptides that may act as insulin receptor 
agonists or antagonists, and life-span extension by abla-
tion of sensory neurons or manipulation of G protein signal-
ing contains a significant component that is daf-16 depen-
dent (Alcedo and Kenyon, 2004; Lans and Jansen, 2007). 
In both types of manipulation, however, there are instances 
of life-span extension that is daf-16 independent, and the 
mechanisms are unknown. Olfactory neurons, for example, 
appear to modulate life-span extension that is daf-16 inde-
pendent in a way that depends on signals from the repro-
ductive system of the animal (Alcedo and Kenyon, 2004). 
There is at present no direct evidence linking insulin signal-
ing with modulation of aging by olfaction in flies. However, 
reduced olfactory function in D. melanogaster is correlated 
with reduced levels of dIlp3 mRNA (which encodes one of 
seven insulin-like peptides in flies) and increased triglycer-
ide storage, suggesting the possibility that insulin signaling 
may be involved (Libert et al., 2007).
Sensory signaling may modulate aging through subtle 
alterations in neuronal activity and in the rate of neu-
rotransmitter production. The neurotransmitter sero-
tonin modulates a variety of biological processes and 
behaviors including aggression, sleep, and appetite, 
processes that are also strongly influenced by sensory 
cues. In D. melanogaster, variation in life span is associ-
ated with alleles of the dopa-decarboxylase gene (Ddc), 
which catalyzes the final step in the synthesis of sero-
tonin (De Luca et al., 2003). In C. elegans, overall sero-
tonin levels have little effect on life span under normal 
growth conditions, but loss of individual serotonin recep-
tors produces significant and opposing effects; muta-
tion of the G protein-coupled receptor ser-1 extends life 
span nearly 50%, whereas the loss of function of ser-4 
shortens life span (Murakami and Murakami, 2007). In 
addition, the extension of life span in nematodes due 
to treatment with mianserin, a drug used as an antide-
pressant in humans, was recently found to involve ser-4 
(Petrascheck et al., 2007). It seems, therefore, that sero-
tonin generates signals that both promote and limit life 
span in worms, in a manner similar to manipulation of 
sensory neurons.
Multiple downstream signaling pathways seem to ema-
nate from sensory neurons to mediate longevity extension. 
As mentioned previously, ablation of the ASI neurons in C. 
elegans results in increased life span, and the transcription 
factor skn-1 in these cells is required for longevity exten-
sion by diet restriction. Interestingly, mutation of daf-16 
rescues the baseline longevity conferred by ablation of 
ASI neurons but leaves intact the abrogated response to 
dietary restriction, which suggests the existence of paral-
lel longevity pathways (Bishop and Guarente, 2007b). One 
new candidate mechanism may involve the transcription 
factor pha-4/Foxa, which is expressed in several tissues 
in the worm, including the intestine and a few neurons. 
Its loss blocks the normal response to dietary restriction 
(Panowski et al., 2007), and pha-4-mediated longevity is 
independent of that caused by alteration of insulin signal-
ing through daf-16. It will be a priority to investigate its role 
in sensory-mediated longevity.Signals originating from the sensory structures must 
be communicated to distant tissues to coordinate events 
throughout the animal for organismal life-span extension. 
This suggests the existence of paracrine and/or endocrine 
systems where one or more unknown hormones propagate 
the information. In C. elegans, there are over 30 insulin-like 
peptides that may serve this function, perhaps by medi-
ating the daf-16-dependent component of sensory modu-
lation of aging. Bile acid-like steroid hormones may also 
be important. For example, dafachronic acid was recently 
shown to modulate stress resistance and life span in 
worms (Gerisch et al., 2007; Motola et al., 2006). Interest-
ingly, dafachronic acid production regulates daf-16/FOXO 
activity, and its effects on longevity depend on diet and 
the status of the reproductive system, which are charac-
teristics shared with sensory modulation of life span. The 
mammalian pha-4/Foxa protein regulates the production of 
the hormone glucagon, and although worms lack a direct 
glucagon homolog, other proteins may have an analogous 
function. In flies, hormones such as insulin-like peptides, 
ecdysone, and juvenile hormone have been shown to play 
a role in aging and physiology and are thus candidates for 
enacting sensory modulation of life span.
Coming to grips with the complexity of sensory signal-
ing pathways that affect longevity will be an important 
challenge. Flies have far fewer odorant receptors (just 
over 60) than worms or mice (hundreds) making a genetic 
dissection of individual inputs on aging an approachable 
goal in this model system. However, in C. elegans, RNAi 
should continue to be a powerful tool for the identification 
of critical transcription factors and downstream pathways 
that affect longevity. Both systems will be useful for deter-
mining whether one or more well-known hormones medi-
ate the impact of sensory signals or whether currently 
unknown hormones are involved. Progress in these areas 
will advance our understanding of the biological effects 
of environmental assessment and provide the context for 
identifying homologous effects in mammalian systems.
Direct Molecular Perception of the Environment
In contrast to canonical sensory systems that are tradition-
ally viewed as carrying information from the outside world, 
certain molecules and signaling pathways may function in 
sensing the environment (both outside and inside the organ-
ism) more directly (Figure 1). In multicellular organisms, this 
type of direct molecular perception of the environment may 
be considered the equivalent of cell-autonomous systems 
invented by our unicellular ancestors whereby cues or com-
pounds from the environment induce biological changes 
by interacting directly with target cellular proteins. Indeed, 
many of the evolutionarily conserved molecular mecha-
nisms of aging that have been identified may impinge on 
such cell-autonomous sensory processes.
One example of this may be the NAD-dependent pro-
tein deacetylase SIR2, which has many characteristics of 
a potent molecular sensor. SIR2 may serve as a monitor 
of the metabolic state of the cell (through the NAD/NADH 
ratio), and dietary restriction may exert its effects by activat-Cell 131, December 28, 2007 ©2007 Elsevier Inc. 1233
ing SIR2 (Chen and Guarente, 2007). Specific environmen-
tal cues might also be detected by the SIR2 protein directly 
in critical cells and/or tissues. Resveratrol, which is a well-
publicized activator of SIR2, is a plant-derived polyphenol, 
and it has been reported in some studies that consumption 
of this compound increases life span in yeast, worms, flies, 
and killifish (Chen and Guarente, 2007). Consistent with 
their role as information carriers, many polyphenols are 
produced by plants in times of stress. They may therefore 
serve as molecular cues that activate longevity programs 
in animals necessary to deal with changing environmental 
conditions (Lamming et al., 2004).
A number of other known pathways may be broadly 
considered sensory modulators of aging. Manipulation of 
insulin/IGF-1 signaling affects aging in several species, 
and alteration of signaling in the TOR pathway has similar 
effects (Kenyon, 2005). Both of these pathways are involved 
in cellular sensing of nutrients, and both have been impli-
cated in the response to dietary restriction (Bishop and 
Guarente, 2007a). The energy status of the cell is monitored 
by the AMP-activated protein kinase (AMPK) system and 
this pathway is involved in aging and dietary restriction in 
worms (Bishop and Guarente, 2007a; Greer et al., 2007). 
Likewise, chemicals that induce oxidative stress are sensed 
by MAPK signaling modules, and activation of this pathway 
also increases life span in both flies (Wang et al., 2005) and 
worms (Oh et al., 2005). It will be of interest to determine 
whether other cellular sensors, such as those involved in 
sensing fatty acids or glucose, have similar effects.
Perspectives
Organisms take advantage of a hierarchy of sensory 
systems to gather information on the quality of their 
surroundings (Figure 1). We propose that mechanisms 
of basic signal transduction and cell regulation con-
vey information concerning the state of the immediate 
environment on individual cells through critical longev-
ity pathways involving molecules such as AMPK, TOR, 
and SIR2. These internal sensory mechanisms may have 
evolved to aid survival of unicellular organisms by pro-
viding each cell with the ability to assess current envi-
ronmental conditions and food quality. With the rise of 
canonical sensory systems in multicellular animals, such 
as olfaction or gustation, internal and external cues 
could be efficiently combined to inform organisms about 
the present and future states of the environment. This 
information would then be transmitted to appropriate 
tissues by hormonal systems in order to enact appropri-
ate responses, such as whether to invest resources into 
reproduction or into endurance of somatic cells, to maxi-
mize individual fitness. Manipulation of sensory systems 
in the laboratory may trigger inappropriate life-strategy 
decisions, and their effectors may represent  potent and 
evolutionarily conserved modulators of aging.
It is reasonable to assume that sensory systems have 
retained their powerful influence in humans. One poten-
tially relevant indication involves the cephalic phase 
response, which is an assemblage of physiological 1234 Cell 131, December 28, 2007 ©2007 Elsevier Inc.changes elicited by the sight, smell, and taste of food. It 
involves preabsorptive release of enzymes and hormones 
including pancreatic polypeptides, insulin, and glucagon 
and is generally viewed as a mechanism to optimize 
nutrient absorption and metabolism. Although smaller 
in magnitude, these endocrine responses are evocative 
of changes induced by dietary restriction or by genetic 
manipulations that increase life span in lower organisms. 
Critical assessment of whether these relatively minor 
physiological effects are a harbinger of much greater 
success in combating human aging awaits elucidation. 
To this end, progress will be marked by further discov-
eries of the sensory signaling mechanisms that capture 
information, the neuronal networks that process it, and 
the secondary hormones that relay signals systemically 
to promote longevity. For those of us who feel our clock 
is ticking, it is reassuring to know that breakthroughs in 
each of these areas continue to occur in metronomic 
fashion from research in model systems.
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